A parametric study was carried out on a novel carbon nanotube (CNT) synthesis using 'arc-discharge in solution' (ADS). The carbon nanostructure yield as a function of time, the rate of erosion of the anode, and the rate of deposition of carbonaceous materials on the cathode electrode were investigated. Amperage dependent normalized kinetic parameters were evaluated. The production rate of carbon nanostructures including CNTs at 75 A is as high as 5.89 ± 0.28 g min −1 . Thermogravimetric analysis and x-ray diffraction studies reveal high purity of the carbon nanostructures collected from water and have a very good agreement with electron microscopy analyses. Very high surface area of the pristine multiwalled CNTs and nanostructures (84 ± 3.5 m 2 g −1 ) was measured using BET. The dynamic light scattering (DLS) analysis shows further agreement with the amperage dependent studies.
Introduction
During the last decade, properties of carbon nanotubes (CNTs) have appeared to be highly appealing to researchers. Different methods have been employed for the synthesis of multiwalled carbon nanotubes (MWCNTs) [1] . Recently, arc-discharge methods in the liquid phase have attracted considerable attention [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] due to their low cost and simple instrumentation to synthesize carbon nanotubes. In our previous communications [11, 12, 14] , the arc discharge in solution (ADS) procedure is discussed elaborately. In 2000, Ishigami et al [2] first reported the continuous synthesis of 6 Present address: nScrypt, Inc., Orlando, FL 32826, USA. 7 Authors to whom any correspondence should be addressed.
MWCNTs in liquid nitrogen using a dc power supply of 20-25 V operating at 60 A. Hsin and co-workers [3] attempted to produce metal-filled CNTs using arc discharge in a cobalt sulfate solution, which resulted in the formation of CNTs filled with not only metallic cobalt but also cobalt sulfide particles. The encapsulated particles were mostly rod shaped. During the synthesis of carbon onions, Sano and co-workers [15, 16] found rod shaped carbon nanostructures, carbon nanotubes and carbon onions. Zhu et al [4] synthesized MWCNTs using a dc power supply to maintain an arc inside water at dc 30 V and 50 A. They categorized the product into three different categories: (i) floating materials, (ii) hard deposits on the cathode's surface, and (iii) hard carbon plates dropped and collected from the bottom of the container. The yield was 7.0 mg min −1 . However, the CNTs were associated with a multitude of impurities. Although the performances for the synthesis of the CNTs were explored in two different liquid media, liquid nitrogen and deionized water, a detailed parametric study has not been reported. The pressure effect on the synthesis of the CNTs through arc discharge in the water was studied by Sano et al [17] . They [17] found that the diameter of the CNTs increases with decreasing hydrostatic pressure used during the process. In another attempt [9] , Sano et al synthesized SWCNTs along with carbon nanohorns using Ni as catalyst in liquid nitrogen medium. They [9] found that a relatively inert environment is required to synthesize SWCNTs and carbon nanohorns selectively. Lange et al [18] produced well crystallized nano-onions and nanotubes fully and partially filled with crystalline metallic particles using the arc-discharge in water methodology. Using alternating current (ac), Biró et al [6] produced well graphitized MWCNTs through arc discharge in water. They [6] found that the arc is stable at a voltage of 40 V in a current range of 45-85 A. Antisari et al [8] analysed the purified MWCNTs synthesized by arc-discharge in liquid media, liquid nitrogen and water. Recently, Montoro et al [13] reported the synthesis of SWCNTs and MWCNTs by the arc-discharge in water method. However, a large number of graphite particles with estimated diameters ranging from 10 to 600 nm was present in the sample.
In recent studies, we have reported [11, 12, 14] that carbon nanostructures can be synthesized with a simple technique avoiding costly vacuum equipment. The method has not only assisted production of clean CNTs, but also the synthesis of in situ decorated CNTs with metallic and ceramic nanoparticles has been successful [11, 12, 14] . Although the method is highly efficient for bulk production, a systematic parametric study for such method has not yet been reported. The purpose of the research is to synthesize MWCNTs in a controllable manner through correlation of various growth parameters for preferential production of high yield CNTs.
Experimental details

Set-up
The nanotube production set-up at the surface engineering and nanotechnology facility (SNF) has been extensively described elsewhere [14] . The system has four main components: a cell, a dc power system, a filtering unit and a chilling arrangement. The set-up is optoelectronically automated to maintain a continuous arc-discharge process. The concept of automation is schematically presented in figure 1 . The full-fledged optoelectronically controlled instrument was built to achieve high efficiency and continuous bulk production of CNTs. This computerized electrode feeding system was also used in a single process step to produce other industrially important carbon nanostructures selectively. The detail automation is described in a previous communication [14] .
Method of synthesis
The synthesis of CNTs was carried out in the cell containing de-ionized water. The resistance of the de-ionized water used in the present investigation was greater than 10 M . Two graphite electrodes with a diameter of 3.05 mm, acting as 
Parametric study
A total of 60 experimental runs were performed. An open circuit potential of 28 V was used for all these measurement. To study the weight change of the electrodes during arcdischarge in the water, the weights of the dried electrodes were monitored before and after each run. For a particular value of current, a set of five runs was carried out. The average time gap between two runs in a set is 2 min. Three sets of experiments were carried out at a particular magnitude of current to study the reproducibility of the results. The initial weight of the anode was measured before carrying out each experiment. After each run, the loss of weight of the anode was measured after drying off the anode. Average values of loss of anode weight for each part of the time span were calculated from the values of three sets of data.
Purification
As-synthesized CNTs are invariably accompanied by carbon nanostructures and amorphous carbon. There are few methods available to remove unwanted nanostructures and amorphous carbon. In the present research, thermal purification was carried out.
The concept of thermal purification is based on the idea that the defect-rich nanoparticles and structures oxidize readily compared to the defect-free nanostructures.
In this investigation, as-synthesized carbon nanostructures were oxidized isothermally in dry air at 500
• C. The oxidation kinetics was measured continuously in a custombuilt thermogravimetry set-up consisting of a microbalance (Sartorius, model LA230P; ±0.01 mg). The data acquisition was performed every 20 s. The temperature was first elevated to 500
• C and the sample was introduced into the furnace for isothermal oxidation of amorphous carbon and defective carbon nanostructures. The oxidation is described by
(1)
Characterization
The samples were weighed and then analysed by various characterization techniques. The CNTs were characterized using a JEOL T-300 SEM system operated an acceleration voltage of 10 kV. X-ray diffraction (XRD) analysis was carried out on the sample using a Rigaku (model D/B max) x-ray diffractometer with Cu Kα (0.154 nm) monochromatic radiation and optimized operating conditions of 30 mA and 30 kV. All analyses were carried out at room temperature, scanning from 20
• to 90
• in 2θ with a step size of data collection of 0.05
• . The powder was evenly spread out on a double-faced adhesive tape and placed on the sample holder. The acquired patterns were matched with a corresponding standard file using Jade software.
In the present research, Brunauer-Emmett-Teller (BET) [19] based physical adsorption was employed for surface area measurements using a BET sorptometer (model BET 201-A; Porous Materials Inc.). For surface area measurements, a few milligrams of nanostructured materials were taken in a quart 'U'-tube. The sample was outgassed at 200
• C in vacuum for 30 min. Ultra-high purity nitrogen gas was used as adsorbate at the liquid nitrogen temperature. The gas condensation pressure (P 0 ) was measured using a small-bulb tube, often called a P 0 tube. The adsorption of nitrogen gas on the sample in the 'U'-tube was measured for different pressures (P) at the testing temperature of −195.76
• C. Finally, the extent of nitrogen-gas adsorption versus P/P 0 was plotted for the surface area calculation using BET equation [19] . A standard reference sample, a silica-alumina powder (NIST, reference 1897) with a surface area of 258 ± 5.29 m 2 g −1 , was used before the measurement to ensure the reproducibility of the BET spectrometer.
During parametric studies of synthesis of CNTs, the dynamic light scattering (DLS) method was employed for the analysis of particle size using a Zetasizer Nano Instrument (Nano ZS (Red Badge) model ZEN3600). This instrument measures the particle size in a liquid medium in the range of 0.6 nm to 6 µm using a 633 nm laser. 20 ml of as-synthesized CNTs in water was taken in a beaker and ultra-sonicated for 15 min for analysis of the particle size. Intensity distributions were used for qualitative analysis of size distribution of particles as large particles scatter much more light than the small particles. According to Rayleigh's approximation, the intensity of scattering of a particle is proportional to the sixth power of its diameter. The Zetasizer system determines the size of particles by measuring the Brownian motion of the particles in a solution using DLS. In the present case, it is expected to have qualitative size distributions of CNTs at different values of current. All experiments were repeated multiple times to assure the reproducibility of the results.
Characteristics of as-synthesized CNTs
Structures of CNTs
During arc-discharge in water, clusters of CNTs were found to be floating on the water. The average diameter of the clusters is more than 20 µm. These clusters are composed of CNTs and other carbonaceous materials including dislodged graphene sheets, carbon onions, amorphous carbon and carbon rods. Such carbonaceous materials were formed inside the plasma region at various temperature zones. A low magnification micrograph of a cluster of highly dense CNTs is presented in figure 2(a) . The micrograph shows the formation of a 'cotton-like' stacking of nanotube bundles. High-resolution transmission electron microscopy (HRTEM) studies showed that the stacking of CNTs is a mixture of approximately 50% graphitized and 50% non-graphitized multiwalled CNTs. A high resolution transmission electron micrograph (HRTEM) of highly crystalline as well as non-graphitized carbon nanostructures is presented in figure 2(b) . The average inner and outer diameters of CNTs are 3 and 10 nm, respectively [11] with a distance between the two concentric walls of 0.359 nm. 
XRD data analysis of CNTs
The XRD spectrum (figure 3) of the CNTs shows (002) and (004) reflections, which can be assigned to the hexagonal ring structure of graphite sheets forming the MWCNTs. All the peaks are slightly shifted to lower angles from that of the graphite, indicating the wider interlayer spacing. The sharp and high intensity peak (002) for CNTs is located at 2θ = 26.4
• , whereas for graphite the (002) peak [20] is at 25.6
• . Such shifting of values was also found in the literature [21] . The shifting of peaks to the lower values is due to the turbostratic structure [20] of MWCNTs. No additional peaks for other graphitic carbonaceous material were found in this study. However, when CNTs were synthesized by other methods [21] and analysed through XRD, additional peaks for other graphitic carbon materials were found. XRD values are in close agreement with the HRTEM analysis, where the interlayer spacing of MWCNTs is found to be 0.359 nm [12] .
Surface area analysis
The extent of adsorbed nitrogen gas on CNTs at different values of P/P 0 is shown in figure 4 . A linear trend line is shown with a regression coefficient of unity. From this plot, the slope and the intercept of the straight line are found to be 0.0513 cm 3 g −1 and 0.000 61 cm 3 g −1 , respectively. The BET monolayer volume (V m ) and BET constant (C) are found to be 19.2637 cm 3 and 85.67, respectively. Using BET equation [19] , the surface area of the sample was calculated to be 84 ± 3.5 m 2 g −1 . This value is higher than the data reported in the literature [22] and corroborates the collection of clean CNTs in the present case. Tsang et al [22] measured the BET surface area of as-synthesized MWCNTs with a value of 21.0 m 2 g −1 . Using DC arc-discharge in helium at 100 Torr (voltage = 30 V, current 180-200 A), they synthesized MWCNTs. Ajayan [23] recently reviewed the BET surface area of MWCNTs and reported that the range of BET surface area is approximately 10-20 m 2 g −1 , which is higher than that of graphite and smaller compared to activated porous carbon (>400 m 2 g −1 ). The MWCNT density could be in the range between 1.0 and 2.0 g cm −3 depending on the constitution of the samples [23] . 
Parametric study
During the arc discharge, an envelope of plasma forms in between the two electrodes. The anode electrode loses weight with time. The deposition of carbon materials occurs on the cathode electrode due to the presence of an electrical bias. The weight loss of the anode electrode is caused by the formation of carbon dioxide, carbon monoxide, CNTs and other carbonaceous materials including dislodged graphene sheets, carbon onions, amorphous carbon and carbon rods. Such carbonaceous materials were formed inside the plasma envelope in various temperature zones [16] .
In the parametric study, the weight change of the electrodes with time and the production rate for each run are monitored to optimize the data related to the CNT production. Since the major interest in the parametric study is associated with the CNT synthesis optimization, the weight loss of the anode is discussed in detail. Sixty experimental runs were carried out for such a systematic study of the various adjustable experimental parameters.
For four different values of the current, the rate of weight loss of the anode materials has been obtained. There is a slight trend of an increasing error bar with time. This indicates that, at lower values of the current, the CNT production rates varied with time; whereas, at higher current values, the production rate is much more steady and consistent. In the case of the cathode, the weight gain as a function of time for different current values is shown in figure 6 . The rate of the anode loss at lower values of current was found not to be consistent with the deposition rate of carbonaceous materials on the cathode. At 25 A, the deposition rate varies significantly with time (not shown in the figure), however, at 75 A, the deposition rate is found to be steady for different runs. During the experiments, the plasma was much more stable at a higher voltage. A probable reason could be the steady deposition rate at the cathode. In figures 5 and 6, the trend lines are formatted using linear regression setting the intercept at zero. It is assumed that the formation of a plasma does not occur at zero voltage; therefore, there is no change in the weight of electrodes at zero voltage. The weight-change relationships in the abovementioned systems can be mathematically expressed with the following equation (2):
where t is time in minutes, W is the weight change in g during arc-discharge in solution, and k is the kinetic parameter in g min −1 . The experimental values of k from equation (2) the percentage regression coefficients for the corresponding kinetic parameter calculated from the graph. Table 1 shows a scatter of the electrode weight change at different amperage. The deviation is higher for lower values of the current in the case of the anode. The deviation in the weight gain of the cathode is significantly higher than that of the anode. This can be attributed to a loss of deposits from the cathode electrode during arc-discharge. The weight-gain data of the cathode are presented in table 1.
The weight-loss of the anode was calculated for each run for a particular set of experimental parameters. Finally, an average loss of the anode weight was calculated. In figure 7 , the average weight loss of the anode per minute versus number of runs is plotted for the four different currents. It is found that the weight loss of the anode electrode is not constant with time. At higher values of the current, the weight loss of the anode increases with time during the arc-discharge, whereas for lower values of the current, the weight loss of the anode is almost constant or even decreases with time. It is well known that the plasma temperature increases with an increase in the current. Therefore, for a higher water temperature, the weight loss of the anode increases with time.
The kinetic parameter is very important to calculate the rate of weight change, because the kinetic parameter is directly proportional to the weight change. Herein, it is assumed that the contribution of the cathode in the creation of nanotubes is negligible as the anode electrode corrodes and deposits CNTs on the surface of the cathode during the arc-discharge process. k for the anode is directly proportional to the consumption of the anode. The positive intercept, in equation (3), suggests that a threshold value of the current is required for the consumption of the anode. In other words, a plasma will be created at a threshold current of approximately 20 A. Instead of a polynomial regression, a linear regression with coefficient 0.98 gives approximately the same threshold value. Figure 9 shows the plot of the rate of yield in mg min
as a function of current in amperes. The actual production rate with respect to the current is shown in table 2. Considering a second order polynomial regression with a coefficient of 0.985, the threshold current value for the formation of CNTs is approximately 20 A by extrapolating equation (4) . It is worth mentioning that equation (3) for the kinetic parameter and the current shows the anode consumption starts at 20 A. By comparing the two plots (figures 8 and 9) it can be concluded that the arc starts at 20 A, which initiates the creation of CNTs.
where y is the amount of yield in mg min −1 and I is the current in amperes.
A significant initial increase of the production rate of CNTs is observed as a function of current (table 2). The Yield rate /mg.min^-1 Figure 9 . Plot for yield rate versus current for carbon nanostructures synthesized through the ADS process. rate of production of CNTs is more than doubled with only approximately 50% increase in the current value. This increasing production with current is followed till a twofold increase of current. However the rate is not consistent when the current is increased to threefold. This reduced rate is due to the formation of different nanostructures at higher magnitudes of current. TEM investigations reveal that different forms of carbon nanostructures and nanoshells formed along with other carbonaceous materials at higher currents. Figure 10 represents the average weight loss of the anode versus yield. The yield is not directly proportional to the current. However, with an increase in the value of the current, both the weight loss of the anode and the yield increase. In other words, the efficiency of the CNT synthesis decreases with an increase in current. The above experiment suggests that other carbonaceous products, especially amorphous carbon, increasingly form with an increase in the current.
Size distribution
The size distribution was analysed using the DLS method. The actual length of CNTs cannot be determined by DLS. However, Figure 11 (a) shows a single peak with a small initial hump. Such a small hump corresponds to the smaller nanostructures, including amorphous carbon, nanoporous carbon and other nanoshells. A large number of small carbon nanoparticles was also found during TEM investigation. The length of the smallest MWCNT found in TEM investigation is about 100 nm, synthesized using 75 A of current. It is worth mentioning that the average ratio of the anode loss to yield (figure 10) is higher at higher current values. This implies that the formation of amorphous structures of carbon at higher currents is more probable than at the lower values. Such observation explains the small peak in figure 11(a) . However, such an initial small peak is absent when the magnitude of current is 50 A. In figure 11 (b), another small peak appears on the other side of the curve, which represents an increased size of the nanostructures when the current is reduced from 75 to 50 A. This phenomenon is much more pronounced when DLS is carried out on a sample synthesized using 35 A. A greatly shifted long tail could be found in figure 11 (c), which basically represents the larger particles present in the sample. In the case of the lowest current, the intensity peak for the bigger particles increases significantly and the corresponding intensity peak for smaller particles reduces to smaller values. It is noteworthy from figure 11 that the main peak is not shifted for any value of current. From the above discussion, it can be concluded that the rate of formation of nanoparticles at higher currents is increased compared to lower currents. Such a phenomenon correlates with the result found in the yield rate and the anode loss studies. the CNTs. It is experienced from our present study that when a CNT is buried in amorphous carbon the scattering from amorphous carbon can reduce the contrast from the CNT. Therefore, it is very difficult to identify the CNT in a TEM study. To remove the amorphous carbon from CNT samples, oxidation was carried out in air by heating. Figure 13 represents the weight-time plot derived from the oxidation purification experiment at 500
Purification
• C. It shows a sharp drop in the weight at the initial stages of the oxidation. This is followed by a nonlinear decrease in the weight as a function of oxidation time. In general, oxidation of amorphous carbon starts with an initial sharp drop due to the reaction between amorphous carbon and oxygen through equation (1) followed by oxidation of other defect-enriched carbon nanostructures. In the present investigation, a similar trend has been observed, where the weight quickly drops to a lower value within 5 min of oxidation. It can also be observed, from figure 13 , that only 0.92 wt% weight-loss is observed during the air oxidation. Figure 14 (a) is a low magnification TEM micrograph acquired after air oxidation of CNTs for 30 min. It is noteworthy that a few other carbon nanostructures along with CNTs are clearly visible in figure 14(a) . Figure 14(b) , the HRTEM micrograph of the oxidized sample, shows the reduced fraction of amorphous carbon. High-quality lattice resolution micrographs of CNTs can be easily acquired after a control heating because of graphitization of not-wellaligned walls of CNTs, which is most frequently observed in the unpurified samples. An extensive survey of unpurified nanotubes revealed no broken caps. After oxidation, it is observed that the caps of a few CNTs are oxidized. It is well known that the cap is made of five-, six-and seven-membered rings and is more reactive than the other sites.
Conclusion
A comprehensive parametric study on the arc-discharge in solution was successfully carried out to correlate the parametric data from the synthesis method, so that MWCNTs can be synthesized in a controllable manner. It was found that a steady rate of synthesis can be achieved at higher values of the applied current. However, the efficiency of the production of CNTs decreases with an increase in current. This discrepancy was found to be the formation of amorphous carbon. The rate of production of CNTs was as high as 5.89 ± 0.28 g min −1
at 75 A. All XRD peaks are slightly shifted to lower angles compared with scattering angles of graphite, indicating a wider interlayer spacing due to turbostratic structure (twodimensional lattice) of CNTs. No additional peak for other graphitic carbonaceous material was found in this study. Using a BET spectrometer, the surface area of samples was found to be 84 ± 3.5 m 2 g −1 . This result was found to be higher than reported literature values. To remove the amorphous carbon from CNT samples, chemical oxidation was carried out. The presence of the amorphous carbon is almost negligible after oxidation.
